The quantity, type, and maturity of the organic matter in Recent through Upper Jurassic sediments from the Falkland Plateau, DSDP Site 511, have been determined. Sediments were investigated for their hydrocarbon potential by organic carbon and Rock-Eval pyrolysis. Kerogen concentrates were prepared and analyzed in reflected and transmitted light to determine vitrinite reflectance and maceral content. Total extractable organic compounds were analyzed for their elemental composition, and the fraction of the nonaromatic hydrocarbons was determined by capillary column gas chromatography and combined gas chromatography/mass spectrometry.
INTRODUCTION
DSDP Site 511 (51°00.28'S; 46°58.30'W) was drilled during Leg 71 in the basin province of the Falkland Plateau about 10 km south of DSDP Site 330 (Leg 36) at a water depth of 2589 meters.
About 630 meters of sediments of Recent to Late Jurassic age were penetrated and divided into six major lithostratigraphic units (site chapter, this volume). A major unconformity of about 25 m.y. separates the Tertiary and the Cretaceous sediments. Small layers of midCretaceous black shales were first encountered in Core 56 at a sediment depth of 495 meters. Drilling into the black shales was terminated at a sub-bottom depth of 632 meters, after increasing amounts of gaseous hydrocarbons with low Q/C2, C 2 /C 3 , and C 2 /C 5 hydrocarbon ratios were detected and a strong seismic reflector at a sub-bottom depth of 700 meters was observed.
Our study is concerned with the content, type, and thermal maturation of organic matter in the sediments Ludwig, W. J., and Krasheninnikov, V. A., et al., Init. Repts. DSDP, 71 : Washington (U.S. Govt. Printing Office).
2 Present address: Petro Canada Research Laboratory, 40 Research Place NW, Calgary, Alberta, Canada.
at DSDP Site 511. Investigation of the type and quantity of organic matter will provide information about the environmental conditions in the early South Atlantic Ocean and thus contribute to one of the major objectives of this leg-understanding the paleoceanographic conditions of the South Atlantic.
In addition, this report investigates potential deep sea hydrocarbon source rocks and chemical alterations of organic compounds during diagenesis. As far as thermal evolution is concerned, the black shales of the Falkland Plateau have attracted attention since Comer and Littlejohn (1977) attested that the organic matter is still in a low stage of maturity for oil generation but overmature for its present depth of burial. New methods are used in this study to reveal the stage of diagenesis and the thermal history of the black shales.
METHODS

Sample Material
At 18 different core locations in Hole 511, samples were taken from dark-colored intervals (presumably enriched in organic carbon) and were subjected to geochemical investigation. The samples were wrapped in aluminum foil on board and kept frozen until analysis started. Although the samples from were thawed for an unknown length of time during transport, they seem not to have been affected judging by comparisons with those samples which were permanently frozen. Some of the 18 units analyzed were composite samples made up of materials from different sections within a core; thus, the notation 511-67-1/2/4 describes a unit composed of samples from Sections 1, 2, and 4 of Core 511-67. Table 1 contains information on sample identification, depth, stratigraphy, and lithology. For site location and lithologic units, see the site chapter, this volume.
Experimental Procedures
The frozen samples were freeze-dried and ground. The total carbon content was determined using a LECO carbon analyzer, and the organic carbon and total nitrogen were measured with a Perkin Elmer 240B CHN analyzer. For the organic carbon and total nitrogen analysis, the weighed samples were progressively treated with hot 2N, 4N, and 6N HC1 in pure silver vessels to decompose any carbonate and dried at 80°C for 24 hr. prior to analysis.
A soxhlet apparatus (20 hr. at 55 °C) was used for the extraction of soluble compounds with dichloromethane. The extracts were separated into nonaromatic hydrocarbons, aromatic hydrocarbons, and heterocompounds on an Al 2 O 3 /SiO 2 (1:2) column by elution with n-hexane, dichloromethane, and methanol, respectively. Where sample material was sufficient, some total extracts were also analyzed for C, H, O, and N contents with the Perkin Elmer 240B analyzer.
The experimental conditions for Rock-Eval pyrolysis (Espitalié et al., 1977) , gas chromatography, and gas chromatography/mass spectrometry and the procedure of kerogen concentration for microscopic investigations have been described in detail in previous reports (Rullkötter et al., 1981, and in press) .
RESULTS AND DISCUSSION
Amount and Type of Organic Matter
The sediments of Late Jurassic to Recent age encountered in the basin province of the Falkland Plateau were divided into six lithologic units which vary considerably in their organic matter content. Very high amounts of organic carbon in the Late Jurassic to early Albian sediments of Unit 6 ( Fig. 1 and Table 2 ) demonstrate the high potential of these sediments to accumulate organic matter under reducing environmental conditions. The relative uniformity of the sediments and the uniformity of the type of organic matter-close to a kerogen Type II (Fig. 2) -together with the constant, high organic carbon concentrations confirm that euxinic conditions were well established throughout Late Jurassic to early Albian times. The drop in organic carbon content near the Aptian/Albian boundary (Fig. 3 , between 520 and 490 m) indicates the development of a better-ventilated environmental system, which resulted in much lower organic carbon preservation in Albian and younger sediments (Fig. 1, Units 1-5 ). This development in the early Albian period is in agreement with the end of euxinic conditions in the southern of the two basins in the early South Atlantic Ocean (Reyment, 1980) . The results from these two different environmental systems are discussed hereafter.
Aptian-Upper Jurassic (Cores 58-70)
According to Rock-Eval pyrolysis, the homogeneous black shales of Cores 59-70 are grouped between the kerogen Type II and Type III trend lines, but are close to Type II (Fig. 2) . The relatively high hydrogen index values of these samples suggest a significant contribution of liptinitic organic matter. This is supported by microscopy and by the analysis of the extractable hydrocarbons. The maceral analysis of the typical black shales from Cores 70-59 reveals that liptinitic particles are an important or even dominant fraction of the kerogen particles (Table 3 , Fig. 4 ). Structured and clearly identifiable liptinites represent only a small part of the total liptinites, most of which are present as detrital debris and amorphous organic matter that may originate from both autochthonous and allochthonous sources. In the clearly structured liptinites (Table 3) , except for Section 511-57-2/3/5, pollen, spores, and cuticles of terrestrial plants predominate. This does not necessarily indicate that terrestrial organic matter is a major contributor to the black shales, since a large portion of the primarily structured, autochthonous, marine organic matter may have followed a diagenetic pathway to form bituminous, unstructured organic matter. Thus, the bituminites and the abundant bituminous background matter occurring in all these sediments as a matrix for particular organic matter may originate from diagenetically degraded marine organisms, from microorganisms, and, to some extent, from amorphous organic matter in fecal aggregates.
Apart from these common features, microscopy also detects some differences within the otherwise homogeneous Aptian-Barremian shales. The inertinite and huminite particles (vitrinites of reflectance values below 0.5% are termed huminites) make up 7-8% in the deeper sections (511-70-3 and 511-69-2/3/4) and decrease to about 5°7o in Sections 511-67-1/2/4 through 511-62-5 (Table 3) . As an exception, Section 511-65-1/2/3 again shows a somewhat higher amount of inertinites and vitrinites. The very low concentrations in Sections 511-61-1/2/5 through 511-59-1 suggest that the supply of terrestrial organic matter generally decreased during Aptian-Barremian times. The high amounts of marine liptinitic matter in Section 511-57-2/3/5 (Table  3 ) are in agreement with the occurrence of nannofossil chalks at the top of the black shales. The relatively high amounts of inertinites and huminites in Sections 511-58-1/2/4/CC and 511-57-2/3/5 (Table 3) are no exception to the generally decreasing terrestrial contribution of organic debris during the Early and mid-Cretaceous. These two sections have low organic carbon contents, that are not comparable to the deeper sections (Table 1) .
If we consider the Rock-Eval data ( Fig. 2 and Table  1 ) and maceral compositions (Fig. 4 ) and compare them with the organic carbon contents (Table 1, Fig. 3 ), we may conclude that the high organic carbon contents in Lithologic Unit 6 are the result of excellent preservation of largely marine organic matter. A plot of organic carbon content versus the amount of huminite plus inertinite particles normalized to the quantity of liptinites demonstrates the positive correlation between total organic carbon enrichment and liptinite concentration (Fig. 5) . The typical black shales form a cluster around points representing both high amounts of organic carbon and relatively high liptinite content. The upper shale intervals, Sections 511-61-1/2/5, 511-60-2/5/6, and 511-59-1, differ slightly in that they have very high liptinite concentrations. Table 2 ).
Sections 511-58-1/2/4/CC (uppermost Aptian) and 511-57-2/3/5 (lower Albian) are grouped into a cluster characterized by higher contributions of huminites plus inertinites relative to liptinites, together with significantly lower organic carbon concentrations. This can be interpreted to mean a low supply of marine organic matter to the sediment and/or oxidation of organic matter before and during sedimentation. The result is a considerable decrease in total organic carbon and a relative enrichment of the more resistant terrestrial and inert organic matter. Within this sequence, however, Section 511-57-2/3/5 contains an unusually high amount of predominantly marine liptinites relative to terrigenous spores and cuticules (Table 3 ). This apparent contradiction is resolved by the detection of a dominant population of particles with a very high reflectance in addition to the liptinites (Fig. 4) ; huminites and the related semifusinites are almost absent. Obviously, the organic matter which reached the sedimentary basin at that time consisted mainly of inert carbon and marine organisms rather than of herbaceous and woody material.
Comparison of the maceral analysis of Section 511-57/2/3/5 with that of a stratigraphically higher section (Fig. 4) makes the "transitional zone" described by Deroo et al. (this volume) obvious. The relative amount of liptinite particles is comparable to that in the black shales downhole, whereas the distribution of the particles with higher reflectance is very similar to the sequence of the Albian-Maestrichtian claystones, which is low in organic carbon.
Compared with microscopy results (Fig. 4 and Table 3), the Rock-Eval pyrolysis results exhibit surprisingly low hydrogen and high oxygen indexes for Sections 511-57-2/3/5 and 511-58-1/2/4/CC (Fig. 2) . This is especially pronounced for Section 511-57-2/3/5, which in the hydrogen index versus oxygen index diagram ( The analysis of the extractable nonaromatic hydrocarbons by the gas chromatography and combined gas chromatography/mass spectrometry reflects gradational differences within the black shale sequence similar to those just outlined. The capillary column chromatograms for the nonaromatic hydrocarbon fractions of some representative samples (Fig. 6 ) clearly show a more pronounced terrigenous influence near the base of the black shale unit (Section 511-70-3). This is indicated by the dominance of the long-chain wax alkanes (C 25 to C 35 ) in the high-molecular-weight range. Section 511-62-5 contains considerably lower amounts of these w-alkanes relative to the complex mixture of steroid and triterpenoid hydrocarbons (Fig. 6) . Finally, the peculiar feature detected by microscopy and Rock-Eval pyrolysis results for the composite Section 511-57-2/3/5 coincides with an unusual /z-alkane distribution in this sample (Fig. 6 ). The maximum is found at n-C 20 , and there is a slow decrease in individual w-alkane concentrations toward Λ-C 31 , with only a slight predominance of «-alkanes at odd carbon numbers. This w-alkane distribution may be the result of a mixture of rederived and bacterially degraded organic matter.
Polycyclic nonaromatic hydrocarbons are abundant in all of the black shale samples and are reduced to some extent only in the transitional samples near the Aptian/ Albian boundary. The complexity of the mixture, comprising saturated, mono-and diunsaturated isoprenoid, steroid, and triterpenoid hydrocarbons, is shown for Section 511-62-5 in Figure 7 , which is part of the chromatogram in Figure 6 , expanded to show greater detail. Compounds identified by gas chromatography/mass spectrometry on the basis of relative retention times and spectral interpretation are listed in Table 4 for seven black shale samples. Steroid hydrocarbons are dominant in all of the samples; this is interpreted to be consistent with the microscopic detection of major amounts of marine liptinitic organic matter. Many of the steroid hydrocarbons have undergone skeletal rearrangement, probably induced by clay mineral catalysis (Rubinstein et al., 1975) . The distribution of rearranged and regular sterenes and steradienes is shown in Figure 8 by their major mass-spectrometric fragment ions m/z 257 and m/z 255, respectively. Also shown are the corresponding higher homologs, probably 4-methyl sterenes and steradienes (m/z 271 and m/z 269). Together with various hopanoid hydrocarbons (Ourisson et al., 1979) , the 4-methyl steroids may indicate a major contribution of microbial mass to the organic matter in the black shales. The saturated sterane content in Section 511-62-5 is shown in Figure 8 by the m/z 217 mass chromatogram. The concentration of these compounds, compared to their unsaturated analogs, is relatively low in the shallower part of the black shales unit but increases slightly downhole (Table 4) .
Tertiary-Albian (Cores 3-57)
Both the quantity of organic carbon (Table 1 ) and the type of organic matter described in detail for Section 511-57-2/3/5 reflect a transition toward a type of organic matter in the Albian to Tertiary sediments that contrasts with those of the black shales. Low organic carbon values (Fig. 1) , associated with a low hydrogen index but a high oxygen index (Fig. 2) and generally very low amounts of liptinites (Fig. 4) , testify to the residual character of this type of organic matter.
Lithologic Subunit 2B and Units 3 and 5, consisting of pelagic clays, calcareous and zeolitic oozes, and red- (Fig. 1) . These latter units represent the late Eocene-early Oligocene and ConiacianSantonian intervals, respectively; both are characterized by a rather high sedimentation rate that probably led to a slightly better preservation of organic matter by rapid burial under oxic bottom-water conditions. Judging by the residual character of the organic matter, the Albian to Tertiary sediments from Site 511 form a third cluster if the Core 16 sample is excluded (Fig. 5) . Particles with a high reflectance range (0.9% to about 1.5%) form the dominant fraction in the Albian to middle Maestrichtian sediments (Sections 511-57-2/3/5, 511-56-5, and 511-31-5 in Fig. 4) .
The occurrence of bimacerites (single, sedimentary, organic particles composed of two maceral types) with reflectance values of 1.0-1.4% and >2.0%, respectively, in Sections 511-16-1, 511-31-5, and 511-67-1/2/4, suggests that the particles within the reflectance range 0.9-1.6% may, at least partly, originate from recycled and oxidized organic matter. The presence and abun-dance of particles in that reflectance range in all sections (Fig. 4) leads to the assumption that oxidized, probably eroded organic matter has been transported to the Site 511 area throughout the whole time span covered by the sediments analyzed. Thus, particles with a higher reflectance range (1.69b) can be defined as inertinites. Huminite particles are in a range of about 0.3-0.5% in Hole 511. Semifusinites exhibit a reflectance 0.2-0.4% higher than the corresponding huminites. Thus, the particles in Figure 4 that are in a reflectance range of about 0.5-0.8% are determined to be semifusinites, a determination sustained by their abundance, which correlates well with the abundance of the huminites.
Section 511-16-1 of the Tertiary Subunit 2A is the only section outside the black shales that exhibits a hydrogen index similar to the shales (Fig. 2) . The low organic carbon content and the large amounts of inertinite and huminite particles (probably oxygenated, Fig. 4 ) shift this sample close to the cluster in Figure 5 that is typical of the "transitional zone" (e.g., Cores 57 and 58). Disseminated liptinitic material (not discernible under the microscope) is probably dominant and is responsible for the high hydrogen index, despite the relative abundance of huminite and inertinite particles detected by microscopy (Fig. 4) . Section 511-16-1 is also the only Tertiary sample containing significant amounts of polycyclic nonaromatic hydrocarbons. The cyclic hydrocarbons are the products of primary deposition and an early stage of diagenesis-for instance, 17ß(H)-hopanes (Fig.  6 , Table 4 ). The dominant compounds in the capillary chromatogram of the nonaromatic hydrocarbon fraction are, however, long-chain wax alkanes of terrigenous origin (Fig. 6) .
Although only a few random samples of the AlbianTertiary sequence were analyzed, it can be concluded from the sediment facies and the low organic carbon contents (Fig. 1) that the organic facies of the Albian and Upper Cretaceous-Tertiary sequence is represented mainly by a residual type of organic matter, with a few exceptions such as Subunit 2A, Section 511-16-1.
The pronounced difference between the two contrasting types of organic matter is also discernible from the elementary analysis of the bitumens (soluble organic matter). Inert organic carbon yields very few or no compounds extractable by organic solvents. Thus, the bitumen originates mainly from organic matter that is liptinitic and, to some extent, humic. Because of the marked differences in elementary composition between aquatic and terrestrial organic matter, black shales with a predominantly marine organic input are clearly separated from the overlying sequence when plotted in a C/N-O/C diagram (Fig. 9) . The liptinites of the sedimentary sequence overlying the black shales contain important or even major portions of land plant lipids and are probably affected by oxidation. As is to be expected for terrestrial and/or oxygenated organic matter with high oxygen and low nitrogen contents (Waples, 1977) , bitumens in Sections 511-56-5, 511-55-1/2/4/5/6, and 511-31-5 exhibit much high C/N and O/C ratios than the black shales. The variation within the black shale samples is, later in this chapter, tentatively explained as an effect of diagenetic evolution. Characterization of the type of organic matter by the atomic C/N-O/C ratios of the bitumen generally confirms the results based on Rock-Eval pyrolysis (Fig. 2) and microscopy (Table 3, Figs. 4 and 5); it differs principally in that it does not include any contribution of inert carbon, as Rock-Eval and microscopy do. This fact has to be taken into consideration when, for example, Rock-Eval data from Section 511-58-1/2/4/CC are compared with C/N-O/C ratios of bitumen. The low C/N ratio suggests a predominantly marine lipid source; the somewhat higher O/C ratio may reflect oxidation as described earlier and suggested by Deroo et al. (this volume) .
Thermal Maturation of the Black Shales
The stage of thermal evolution of the organic matter can be determined by both geochemical and microscopical data.
The reflectance of disseminated vitrinites in a rock is widely accepted as an indicator of the thermal history of organic matter and commonly applied for rank determinations (e.g., Bartenstein and Teichmüller, 1974; Bostick and Alpern, 1977) . At DSDP j>ite 511, vitrinite reflectance ranges between 0.32%JR. 0 at the top of the black shales and about 0.45% R o at the bottom-hole depth of 632 meters (Fig. 10) . Oil_generation is believed to start at a level of 0.5-0.6% Ro (Hunt, 1979) ; thus these shales are still in a low stage of maturity.
The reflectance values given for Sections 511-57-2/ 3/5, 511-59-1, and 511-60-2/5/6 in Figure 10 are not completely certain because of the low amounts of wellcharacterized humic particles (Fig. 4) . In a few casesfor instance, Sections 511-62-5, 511-67-1/2/4, and 511-70-3-bimodal distributions of huminites/vitrinites may lead to an equivocal determination of maturity, so that either the first or the second peak is accepted as valid for a rank determination. Humic material originates from many different plant constituents that generate a large variety of such particles in coals and rocks during diagenetic alteration (Jacob, 1980) . Thus bimodal distributions may be caused by differences in the precursor compounds of the humic material. The bimodal distributions have been ignored in this case, since the mean values over the entire range best fit the over-and underlying sections. Since maturation is progressive with increases in temperature and depth, it would be unreasonable to assume, for instance, a lower or significantly higher huminite/vitrinite reflectance in Section 511-67-1/2/4, compared with the unimodal distribution in the overlying Section 511-66-1/3 (Fig. 4) .
Rank determination by measurement of vitrinite reflectance is supported by other geochemical parameters which all point to a low level of maturity. The kerogens of the black shales still have high hydrogen and oxygen index values, indicative of a diagenetic stage (Fig. 2) . The amounts of total extractable organic compounds (normalized to organic carbon) and the relative proportions of hydrocarbons are still low (Table 1 ). The moderate amounts of generated light hydrocarbons agree with this interpretation (Schaefer et al., this volume). (Table 1) , forms an exception. Although the kerogen background matter is not considered here, the pattern correlates well with the data obtained by Rock-Eval pyrolysis (Fig. 2) . (Core number in circles; for full sample identification, see Table 1 .)
The investigation of the extractable C 15+ nonaromatic hydrocarbons provides further support both for the low stage of maturity of the organic matter in the black shales and also for a slight increase in maturity downhole within the black shale sequence. The most obvious indication of the low maturity is the great abundance of unsaturated steroid and triterpenoid hydrocarbons in all black shale samples. Regular sterenes (III-VII; see Appendix for compound structures) decrease in concentration relative to regular steranes (VIII) as depth of burial increases (Table 4) . A similar trend for the rearranged sterenes (I,II) could not be detected. Neohop-13(18)-enes (IX) and hop-17(21)-enes (X) are abundant in all samples and there is no definite change in relative concentrations with depth, except for the decreasing amounts of trisnorneohop-13(18)-ene relative to trisnorhop-17(21)-ene. 17ß(H)-hopanes (XII) predominate over the thermally more stable 17α(H)-hopanes (XI) (Van Dorsselaer et al., 1977) in all samples, and 17/3(H)-homohopane is the most abundant single compound within the homologous series. Finally, the predominance of the odd-numbered, long-chain /z-alkanes over their even-numbered homologs in the deepest sample analyzed (Section 511-70-3; Fig. 6 ) also shows that the black shales have not yet reached the zone of thermal hydrocarbon generation.
Considering the short depth interval of about 140 meters, the increase of the vitrinite reflectance from 0.32% RQ at the top of the shales to about 0.45% RQ at 630 meters sediment depth appears to be rather high and would suggest an extremely rapid increase of maturation with increasing depth of burial (Fig. 10) . The difficulties in establishing a valid trend certainly arise in part from the short interval over which the black shale samples were investigated. Furthermore, it is well known that, at the same level of maturity, vitrinite reflectance appears to be lower in the presence of abundant bituminous organic matter (Hutton and Cook, 1980) . The values obtained from the upper, highly bituminous part of the shales are perhaps too low. Shifting these data to Table 4 . Conditions: Varian 3700 gas chromatograph with FID detector; 20 m x 0.3 mm ID, SE 54; carrier gas, helium; temperature program, 80-265°C at 3°C/min.)
higher values would result in a lower maturation gradient than shown in Figure 10 . The reflectance value obtained from the wood fragment seems, however, to be most reliable, since the huminites are in a stage of transition from a texto-ulminite to an eu-ulminite. This transition takes_place in a reflectance interval between 0.4% and 0.6% R o (Hagemann, pers. comm.). An increasing maturation with depth of burial is also discernible from the atomic C/N and O/C ratios of the bitumen (soluble organic matter), which decrease slowly Table 4 . Conditions: Varian 3700 gas chromatograph with FID detector; 20 m × 0.3 mm ID, SE 54; carrier gas, helium; temperature program, 80-265 °C at 3°C/min.)
for O/C and increase rapidly for C/N with increasing depth (Fig. 9) . The rapid increase of the C/N ratios with depth is affected not only by diagenesis but also by the increasing contribution of land-derived organic matter downhole, which shifts the values to higher C/N and O/C ratios. Despite the increasing terrestrial input, the O/C ratios are, however, slowly decreasing with depth. Thus, the increasing C/N and decreasing O/C ratios of the bitumen as depth of burial increases are interpreted as a loss of functional groups from heterocompounds during the early stages of thermal evolution. The slight increase, with depth, in the amounts of hydrocarbons (normalized to organic carbon, Fig. 3 ) supports this increasing maturation and is consistent with the interpretation that some organic compounds have lost functional groups. In most cases it was not possible to determine the maturation in the Upper Cretaceous and Tertiary claystones because of the residual nature of the organic matter. Apparently, the majority of the huminite particles are affected by oxidation. Thus, the reflectance value of 0.26% RQ from a few particles in the Tertiary Section 511-16-1 seems plausible but is not substantiated.
Apart from the increase in the maturation of organic matter, the absolute level of maturity appears to be rather high, considering the actual shallow depth of burial. This fact has already been observed by Comer and Littlejohn (1977) for the black shales at DSDP Sites 327 and 330. The deepest sample at Site 511, Section 511-70-3, has already reached a fairly high level of maturation, corresponding to 0.45% ‰ Interpreted as a mixture of thermogenic and biogenic origin (Burke et al., 1981) , the low Q/C2 ratios calculated from the composition of core liner gases (site report, this volume) together with the "paraffinic" character of light hydrocarbons (Schaefer et al., this volume) support the idea of a relatively high level of maturity at shallow depth.
The relatively high maturation level may reflect two main circumstances: (1) the shales may actually have been more deeply buried in the Mesozoic, but there occurred an uplift and a part of the Upper Cretaceous/ Paleocene sedimentary sequence was eroded; and/or (2) a higher temperature gradient may have acted on the sediments in the past. Although the vitrinite reflectance of 0.26% RQ in the Tertiary claystones at a depth of 139 meters has been determined only tentatively and the vitrinite data of the upper part of the Cretaceous black shales appear to be too low, there is no indication of a major break in the vitrinite reflectance trend at the Cretaceous/Tertiary unconformity.
A significantly higher overburden in the past therefore seems unlikely. Paleontological considerations (discussions of the shipboard party) and the data of the porosity trend (Bayer, pers. comm.) also suggest that there was no additional overburden above the unconformity exceeding 400 meters. Comer and Littlejohn (1977) considered the time interval of the unconformity to be too short for significantly deeper burial and subsequent erosion.
Thus the question arises whether the present geothermal heat flow at Site 511 may account for the maturity, or whether there have been changes in heat flow during the geological past. The problem may be solved by comparing the temperature regime and the maturation level of organic matter on the Falkland Plateau with those of other sedimentary basins with a known geological and thermal history. Compared with samples from the Landau 2 borehole (Rhine Valley, (18) West Germany) and the Northwest African continental margin, the organic matter at DSDP Site 511 reaches an equivalent level of maturity at a very shallow depth (Table 5) . On the Northwest African continental margin, the comparable level at much greater depths is undoubtedly associated with the much lower temperature gradient, 42°C/km. If one does not assume an additional overburden on the Falkland Plateau in the past, the comparison clearly shows that at DSDP Site 511 there must have been a higher paleotemperature gradient, which can be estimated using the time-temperature relationship of the organic matter maturation.
The rapid increase of maturation with depth shown in Figure 10 (this seems to be too high, for reasons discussed earlier) and the generation trend of light hydrocarbons (Schaefer et al., this volume) would lead us to expect the onset of oil generation at an extrapolated depth of about 800-900 meters, in sediments which would have an estimated age of at least 130 m.y. At this depth, a reaction temperature of about 80°C is necessary for such a level of maturity (Connan, 1974; Wright, 1980) . Thus, assuming no additional overburden, a paleothermal gradient of about 100°C/km can be calculated. This, of course, would be a very unlikely situa- Allowing for an additional overburden of approximately 400 meters above the unconformity, the bottomhole sediments of DSDP Hole 511 reach a level of maturity comparable to that of Landau 2 at a depth of between 800 and 900 meters and 1100 meters (Table 5) . In this case, the present temperature gradient of 70°C/km, if it has lasted for the past 120 m.y., would be sufficient to account for the observed maturity. This is in agreement with the geological considerations advanced by the DSDP Leg 71 shipboard party, which excluded an additional overburden of more than 400 meters and a lower paleotemperature gradient.
PALEOENVIRONMENTAL COMPARISON WITH THE BLACK SHALES OF THE CAPE BASIN; CONCLUSIONS
Sediments of the black shale facies of Cretaceous age have been encountered in many South and North Atlantic DSDP holes (Tissot et al., 1979 (Tissot et al., , 1980 . Without doubt, they reflect periods of reducing conditions dur- Table 1.) ing deposition in a wide range of water depths, from shallow to about 3000 meters (Thiede and van Andel, 1977) . Palynological and geological arguments Shipboard Scientific Party et al., 1977) suggest a predrift position of the eastern part of the Falkland Plateau (Maurice Ewing Bank) close to the Mozambique Ridge. Thus there should be a correlation between the shales of the Plateau and equivalent shales from DSDP Site 361 (marginal Cape Basin). The lower Albian(?) and Aptian sapropelic shales at Site 361 (Unit 7, Site 361; Bolli et al., 1978) comprise more than 300 meters of sediments. Thus, at Site 361 much more sediment was accumulated during the Early Cretaceous than the extrapolated total sequence of about 200 meters of Aptian-Barremian (or older?) age at Site 511. However, the typical black shale layers at Site 361 average only 20 Although there seems to be^a trend, its validity over such a short depth interval is questionable. Bituminous organic matter is supposed to have affected the reflectance values, especially in the shallower black shale samples.
cm each in thickness and are interbedded by massive silty and sandy layers and coarse (turbiditic) coaly sandstones. Kagami (1978) calculated 24% of Unit 7 from Site 361 to be black shales. In addition to strata dominated by a marine type of organic matter (Tissot et al., 1980) , terrigenous plant detritus forms an important or even the main portion of the organic fraction of the sediments at Site 361 (Raynaud and Robert, 1979) . A similarly wide variety of kerogen types has been determined in young sediments from the Gulf of California (DSDP Leg 64; Rullkötter et al., in press) . Site 361 and the Gulf of California Sites 474, 478, 479, and 481 were, and still are, situated in narrow, rifting basins of at least partly anoxic waters reaching more than 3000 meters in depth (Thiede and van Andel, 1977) . They then, as now, accumulated large masses of inorganic and organic detritus from the adjacent continents. This is different from the situation on the Early Cretaceous Falkland Plateau. On the Plateau, which acted as a southern barrier in the spreading early South Atlantic, the black shales were deposited at shallow water depths. They do not occur in layers interbedded with many silty and sandy deposits but as a massive sequence of dark-colored, mostly black clays and mudstones. Except for the transitional zone, fewer than 3% of 145 samples analyzed by Deroo et al. (this volume) and us over a cored interval 120 meters long contain less than 1% of organic carbon. A predominantly marine source of organic matter has been determined for the majority of these samples. Teichmüller and Teichmüller (1979) , Espitalié (1979) , and Buntebarth (1979) for Landau 2 borehole, and from Cornford et al. (1979) for DSDP Site 397.
Several basins and basement highs separated the Falkland Plateau from the South African continent in predrift times (Jones and Plafker, 1977; Thompson, 1977) . When the rift basin developed during Late Jurassic times, West Gondwana broke up and the masses of continental runoff originating from southern Africa were captured mainly in the spreading basin. This led to a reduced but more homogeneously distributed terrigenous input of prograded upslope sedimentation in the eastern part of the basin province of the Plateau. If the Maurice Ewing Bank in the northeast formed an emerged microcontinent at that time, as suggested by Ludwig (this volume), a part of the inorganic and organic debris deposited at Site 511 probably also originates from that eastern part of the Falkland Plateau. The influx of terrigenous plant debris decreased as the spreading proceeded during the Early Cretaceous and the Plateau subsided.
The preservation of high amounts of autochthonous organic matter in a thick section of black shales can be related to very strong reducing conditions during deposition at shallow water depths. A strong mid-water oxygen minimum layer, originating from respiration and oxidation of organic material produced in surface waters, was likely to be well established. The change from reducing to oxic conditions on the Maurice Ewing Bank occurred at a time corresponding to the transitional zone near the Albian/Aptian boundary. At Site 361, this important change in environmental conditions is indicated by the lithologic change from Unit 7 to Unit 6 (Natland, 1978) , which occurred either simultaneously with that of Site 511 or somewhat later in the lower Albian (the Aptian/Albian boundary is not definitively identified at Site 361; Bolli et al., 1978) .
Thus, it seems plausible that euxinic conditions developed within the early basins of the South Atlantic, starting from a strong mid-water oxygen minimum layer and proceeding downward to deep bottom water. This ended at the moment the Plateau subsided and/or when a deep seaway between the Indian and Atlantic oceans was established, improving the water circulation. First indications of this change are already discernible within a transitional zone in the late Aptian, where the organic carbon content drops to moderate values and liptinites are presumably affected by oxidation. The bituminous organic matter originating from marine precursor organisms is an abundant constituent of the Aptian and Barremian black shales. As a consequence of the development of a better-ventilated, oxygenated system, the bituminous matter disappears within the "transitional zone," since marine organic matter is very sensitive to oxidation (Lyons and Gaudette, 1979) . Thus, only liptinitic debris (apparently affected by oxidation) but no bituminites are left in Core 57 (early Albian). During Albian and post-Albian times, only small amounts of a refractory, residual type of organic matter were able to survive under the highly oxidizing conditions. This residual type of organic matter, originating mainly from continental runoff, can be traced along all cored sections of Site 511. Within the black shales, the autochthonous marine organic material is superimposed upon this refractory matter.
With respect to the potential for generating hydrocarbon at elevated temperatures, the Upper Jurassic and Lower Cretaceous shales are excellent hydrocarbon source rocks. In contrast, the Upper Cretaceous and Tertiary sediments have no potential for hydrocarbon generation-neither oil nor gas.
Given the vitrinite reflectance of 0.4-0.5% R o at a bottom-hole depth of 632 meters and the downhole trend of several geochemical parameters, the onset of oil generation can be expected in depths slightly deeper than terminal depth at Hole 511, provided that potential Jurassic source rocks occur. Considering the present shallow depth of burial, the shales appear to be rather mature. Despite the present high thermal gradient (7°C/ 100 m), either a higher paleothermal gradient (up to 10°C/100 m), an additional overburden in the past above the unconformity (up to 400 m), or a combination of both is required to explain the observed maturity. The heat flow measured at Site 511 is higher than in average oceanic basins and surprisingly high for old basement crust. It is not yet clear whether the "overmaturity" observed for both Sites 330 and 511 is due to a local heating event or is characteristic of larger areas on the Falkland Plateau. On the basis of theoretical considerations, Royden et al. (1980) predicted a vitrinite reflectance of 0.5% RQ at a sub-bottom depth of 3100 meters for the basin province of the Falkland Plateau. This maturity level at such a great depth of burial would imply an extremely low heat flow over geological times and is in extreme contrast with the measured results of Site 330 and 511. Although a local heating cannot be excluded for these sites, the vitrinite reflectance predicted by Royden et al. (1980) at that depth appears erroneously low.
